Objective: The aim of this study was to compare muscle activation patterns and patellofemoral joint morphologies between patients with knee osteoarthritis with and without patellar malalignment. Subjects: The subjects were divided into 3 groups. Group A comprised 11 patients with symptomatic knee osteoarthritis without patellar malalignment. Group B comprised 14 patients with symptomatic knee osteoarthritis with patellar malalignment. Group C comprised 10 age-matched subjects with non-knee osteoarthritis as controls. Methods: Isokinetic dynamometry with surface electromyography was used to measure maximal muscle activity in terms of vastus medialis oblique/vastus lateralis ratios. Merchant's view was taken to analyse the bony anatomy of the patellofemoral joint. Recordings were made at angular velocities of 80, 120 and 240º/sec. Results: The electromyographic ratios of group B were lower than groups A and C for all testing velocities (p < 0.05). Group B also had larger sulcus angles, lateral patellar tilt and displacement. The electromyographic ratios correlated negatively with sulcus angles. Conclusion: Subjects with knee osteoarthritis with patellar malalignment exhibited an imbalance in quadriceps contraction, as confirmed by altered vastus medialis oblique/vastus lateralis ratios associated with larger sulcus angles of the patellofemoral joints. The sulcus angle may be an important contributing factor in causing abnormal patellar tracking in knee osteoarthritis.
in conjunction with tibiofemoral (tF) joint osteoarthritis (oA) (1) (2) (3) . the clinical features of patellar malalignment are similar to those of other patellofemoral pain syndromes (PFPS). Patellar malalignment is a translational or rotational deviation of the patella relative to any axis, such as subluxation or tilting (4) . Lateral subluxation is frequently accompanied by tilt. the combination of subluxation and tilting usually leads to arthrosis due to abnormal loading of the articular cartilage (5) . Recent studies on patellar arthrosis have demonstrated that several factors may increase the risk of patellar arthrosis, including patellofemoral joint (PFJ) anatomy, limb alignment, soft tissue stabilizers and muscular activation pattern (6) . Several studies have suggested that the lack of equilibrium between the vastus medialis oblique (VMo) and the vastus lateralis (VL) is a risk factor resulting in abnormal patellar tracking (7) (8) (9) ). An in vitro study by Sakai et al. (7) indicated that weakness of the VMo could cause lateral shift of the patella at 0° and 15° of knee flexion. Souaz et al. (8) compared the VMo/VL electromyographic (EMG) ratios of healthy subjects and patients with PFPS, and found that the patients' ratios were lower than those of healthy subjects during concentric contraction exercises, which might suggest the existence of a weakness in the VMO. Similar findings were shown in a study by tang et al. (9) . Moreover, based on patellar morphology, some authors suggest that a decreased depth of the trochlear groove might be a primary cause of abnormal patellar movement (10, 11) . Farrhmand et al. (10) suggested that the slope of the lateral facet of the groove remained the primary determinant of resistance to lateral patellar subluxation. through the revision of various studies of patellar arthrosis, the muscle imbalance between the VMo and the VL and the bony structure of the knee are both likely to contribute to the development of PFPS. However, whether muscular imbalance and the bony anatomy of the PFJ are precursors to, or the result of, knee oA with patellar malalignment is an interesting question. one hypothesis is that the medial tF osteoarthritic knee may develop early due to mechanical factors such as obesity and meniscectomy or quadriceps weakness. PFJ involvement may occur later due to the development of local factors such as a patellar tracking abnormality, which are secondary to the malalignment resulting from progressive medial tF oA (12, 13) . However, these hypotheses about the progression that will lead to combined pattern of knee oA with patellar malalign-ment are still presumptive and require evidence based on a prospective methodology.
understanding the effect of abnormal patellar tracking on the process of oA might have important implications for the rehabilitation of patients with osteoarthritic knee. the aim of this study was therefore to compare the bony anatomy of the PFJ by radiograph of Merchant's view in order to investigate the relationship between surface VMo/VL EMG ratio and PFJ morphology in osteoarthritic knee patients with and without patellar malalignment. Since angular velocity with an isokinetic dynamometer is important in muscle performance, we also examined the effect of angular velocity on EMG ratio during dynamic knee extension. In this study, our first hypothesis was that the VMo/VL ratio would be lower in patients with osteoarthritic knee with patellar malalignment, and the second that there would be a significant correlation between the anatomical data and EMG ratio in patients with osteoarthritic knee with and without patellar malalignment.
MAtERIAL ANd MEtHodS

Subjects
Twenty-five subjects with symptomatic osteoarthritic knee were included in this study and separated into 2 groups (experimental groups), one group comprised 11 patients with tF oA with normal patellar alignment (group A) and the other comprised 14 patients with tF oA with patellar malalignment (group b) (Fig. 1) . ten age-matched healthy subjects were recruited and served as controls (group c). the severity of the osteoarthritic knee was diagnosed as stage I or II according to the Ahlbäck's grading by anteroposterior radiography (14) . Knees with or without patellar malalignment were diagnosed by Merchant's view, which was obtained in the supine position with the knee flexed at 45° (15) . All subjects signed an informed consent form before participating. Pain symptoms and the activities of daily living of the patients with osteoarthritic knee were assessed using the Lequesne's Index (16) . the 2 oA groups had similarly score in Lequesne's Index with moderate severity. the characteristics of each group are presented in table I. the 3 groups were well matched for age, height, weight and body mass index (bMI).
Procedures
Isokinetic concentric assessment of knee extensor muscles was evaluated using a cybex Norm (cybex International Inc., Medway, MA, uSA) dynamometer. the subjects were in the seated position on the cybex dynamometer, with their back supported and the hips flexed to 85°, as this is a good position for testing both the extensors and flexors (17) . Trunk and thigh straps were fastened for stabilization. the range of angular movement of the knee joint was from 90° to 0° and the test velocities were 80°, 120° and 240°/sec. before the test, each subject was warmed up by walking for 10 min and practiced at submaximal contraction levels, and then rested for 5 min in a sitting position. the testing consisted of a series of 5 repetitive isokinetic concentric contractions from 90° (flexion) to 0° (extension) at each velocity. the sequences of the applied velocities were 80°, 120° and 240°/sec. All of the subjects were encouraged, using visual feedback, to perform maximal contractions.
EMG analysis
bIoPAc MP100 (bIoPAc Systems Inc., Goleta, cA, uSA), a system with 6 channels was used to collect the EMG signals. the amplitude of muscle activities were recorded on 2 channels. other channels were used to record the signals for angular velocity, direction (flexion/extension), torque and position (degree of knee extension), respectively. After skin preparation with isopropyl alcohol, bipolar gold-plated surface electrodes were centred on the muscle bellies of the VMo and distal VL, as described by basmajian & blumenstein (18) . the inter-electrode distance was 3 cm. the ground electrode was placed over the tibial tubercle. Following the knee extension trials, the peak muscle torque and EMG activity were recorded. data were collected at 1000 Hz and then stored using AcqKnowledge software (Version 3.7.3) on a personal computer and later analysed with custom LabVIEw software (Version 7.1, National Instruments corporation, Austin, tX, uSA). the raw EMG data was processed by generating the EMG linear envelope method. Signals were band-pass filtered (20-500Hz), full-wave rectified and finally smoothed at 6 Hz using a low-pass second-order Butterworth digital filter. The peak amplitude of filtered EMG signal for the VMO and VL was presented as the VMo/VL ratio. the VMo/VL ratios were averaged by 3 extension cycles (excluding the first and fifth cycle) during each velocity trial. A ratio of less than 1 indicated that the EMG signal activity for the VMo was lower than that of the VL.
Image analysis
the bony characteristics of PFJ of each patient were measured using a Merchant's view radiograph (Fig. 2) (19, 20) . trochlear depth was *Lequesne Index (16) was used to assess the severity of osteoarthritis affecting the knee joint through evaluation of daily activity and function. the relationship of this index to the common measure of handicap is as follows: (i) more than 13: extremely severe; (ii) 11-13: very severe; (iii) 8-10: severe; (iv) 5-7: moderate; (v) 1-4: minor. Sd: standard deviation; bMI: body mass index. measured by the sulcus angle (Fig. 2a, ∠Abc) . In the normal knee (19) , the averaged sulcus angle was 138° (range 126-150°). the congruence angle, which is used to measure the relationship of the patellar articular ridge to the groove of the femoral trochlear (Fig. 2a) , was defined by Merchant et al. (15) . The normal congruence angle has a negative value. A positive value or greater than +16° is considered to be abnormal and indicates lateral instability of the patella (15, 19) . Patellar tilting was measured by the lateral PF angle (Fig. 2b) . Angles that are smaller than 7° or negative (medial opening) indicate an abnormal situation and a lateral tilt (21) . the method of measuring lateral patellar displacement (%) has been described by Keblish et al. (22) and is shown in Fig. 2c .
Statistical analysis
Non-parametric Kruskal-wallis one-way analysis of variance (ANoVA) was used for comparison of average VMo/VL EMG ratios and anatomical parameters between the 3 groups. A least significant difference criterion was used to judge the significance of post hoc tests. the Pearson correlation analyses were performed to determine the relationship between PFJ structure and the VMo/VL EMG ratio. Subjects from all 3 groups were grouped together for this analysis. the post hoc power analysis was used to analyse retrospectively the power of an observed effect of the sample size and make an estimate of parameters derived from a given data-set (23) . Statistical analysis was performed with SPSS Version 10.0. the alpha level for the ANoVA was 0.05.
RESuLtS
Peak muscle torque and VMO/VL EMG ratios
the peak muscle torques of both group A and group b had smaller values than group c (p < 0.05) (table II), but there were no significant differences between groups A and B for all the 3 tested velocities (p > 0.05). the VMo/VL EMG ratios of group b were averaged 0.76 (standard deviation (Sd) 0.15) at an angular velocity of 80°/ second, 0.81 (Sd 0.22) at the 120°/second and 0.84 (Sd 0.24) at the 240°/second, all of which were lower than the corresponding results for group A and group c (p < 0.05, table II). No difference in the VMo/VL ratios was noted between group A and group c; both of them were closed to 1.0. there was no significant effect of the testing velocities on the VMO/VL EMG ratios across any of the groups (p > 0.05).
Image analysis
the radiographic parameters of the PFJ structure are presented in table III. the mean sulcus angle in group b (144.8 (Sd 7.37)) was significantly larger than in group A (138.5 (SD 4.68)), p < 0.001. the mean congruence angle, lateral PFJ angle and percentage of lateral patellar displacement in group b were all significantly different compared with group A and with group c (p < 0.05), which indicated that the patella was not drawn into the trochlear groove in patients with patellar malalignment.
Relationship between EMG ratios and patellar bony structure
Pearson's correlation coefficients were obtained for the relationship between the sulcus angle and lateral PFJ angle across all knees (r = -0.335, p = 0.013, observed power was 0.74) (Fig. 3) . the sulcus angle was negatively correlated with patellar tilt and as the sulcus angle increased, the amount of lateral PFJ angle (α) decreased. All of the EMG ratios of VMo/VL were found to be correlated with the sulcus angle at 80°/sec, 120°/sec and 240°/sec (table IV, Fig. 4) , the post hoc power analysis were 0.59, 0.83 and 0.86, respectively. there were no correlations clinically, patellar malalignment is a common occurrence in patients with osteoarthritic knee. our results showed that both patients with osteoarthritic knees in group A (with normal patellar alignment) and group b (with patellar malalignment) had lower quadriceps torques compared with healthy subjects in group c (p < 0.001); however, no difference was found in quadriceps torque between groups A and b. when compared with groups A and C, group B had a significant reduction in the VMo/VL ratio (VMo/VL ratio < 1), which exhibited an imbalance in muscle activities of the VMo and VL. In contrast to group b, the VMo/VL EMG ratios of group A patients were all almost 1, which was similar to the healthy subjects. these results suggested that deficiency of the VMO or excessive pull of the VL on the patella might cause abnormal patellar tracking of the extensor mechanism in osteoarthritic subjects with patellar malalignment.
table II. Comparison of the peak muscle torque and vastus medialis oblique (VMO) / vastus lateralis (VL) electromyographic ratios between the 3 groups during knee isokinetic testing (means with standard deviation in parentheses)
Group
Results of morphology of the PFJ revealed significant differences between osteoarthritic subjects with and without patellar malalignment; in particular, the sulcus angle showed a larger value in osteoarthritic subjects with patellar malalignment. Fucentese et al. (24) suggested that a larger sulcus angle might have a genetic origin, such as insufficient trochlear depth and decreased lateral trochlear slope occurring in trochlear dysplasia. Another measure of patellar tracking in this study was lateral PF angle, the data showed that subjects of group b had rather laterally patellar tilting compared with groups A and c. Moreover, the sulcus angle was significantly correlated with the lateral PF angle. This finding seems to imply that a larger sulcus angle may lead to more patellar tilting and compromised patellar stability.
In addition, the sulcus angle was significantly correlated with the EMG ratio for all isokinetic knee extension tasks, although the correlation coefficients were not high (r = -0.349 ~ -0.385, p < 0.05). It is apparent that the increase in the sulcus angle is related to a decrease in the EMG ratio, which may cause the muscle imbalance of VMo and VL. From a biomechanical view, the dynamic position of the patella is dependent on the vectors of the quadriceps muscle group (19) . In the terminal 30° from flexion to extension, the "screw home" mechanism rotates the tibia outward relative to the femur, displacing the tibial tuberosity laterally and increasing the quadriceps angle, with the result that a lateral vector is created acting on the patella. At this moment, the VMo and medial retinaculum tend to resist the lateral vector, and the lateral facet of the trochlear also limits patellar lateral subluxation. For this reason, the VMo muscle and the lateral facet of the trochlear seem to play an important role in stabilizing the kinetics of the patella (10, 19) our results were also consistent with the findings of Powers (11), who reported that subjects with PFPS had a larger sulcus angle, from 45° to 0° of knee flexion. Powers (11) suggested that the sulcus angle might be an important determinant of patellar kinetic movement at end-range of knee extension, but the EMG activity of the VMo/VL muscles did not appear to be correlated with abnormal patellar tracking. the EMG activation pattern was different from our finding. These differences might be due to the experimental settings of the knee extension device. A prone position and isotonic contraction of knee flexion were used in Powers' study. the results may have an impact on the prescription of rehabilitation treatments, such as muscle strength training strategy, for patients with oA. Strengthening of the quadriceps is a main rehabilitative strategy for patients with osteoarthritic knee. Isokinetic exercise is one of the effective and well-tolerated treatments for patients with osteoarthritic knee. However, it is necessary to identify the type of osteoarthritic knee. Merchant's view radiography may be a routine assessment and this will help to distinguish patients with oA knee into 2 groups. In patients with osteoarthritic knee with patellar malalignment, the selection of specific muscle for the strengthening programme is essential for restoration of dynamic patella stability. For example, Laprade et al. (25) demonstrated that isometric exercise, such as knee extension combined with medial tibial rotation, appears to increase the VMo/VL ratio. tang et al. (9) found that a closed kinetic chain exercise from 0° to 60° of knee flexion could induce maximal VMO firing. These types of therapeutic exercises may be more beneficial in OA knee patients with patellar malalignment. However, larger sample sizes should be needed to verify the effectiveness of these rehabilitative strategies in the future.
there were several limitations to this study. Regarding EMG analysis, the absolute EMG amplitudes were influenced by physical and physiological phenomena including muscle contraction force, muscle fibre length, muscle volume, skin impedances, and recruitment stability (26) . with use of VMo/VL ratios, the variation of individuality causes by the aforementioned influencing factors can be reduced; in addition, different performance of VMo and VL in each tested subject can be clearly observed. Although the VMo/VL ratio cannot denote the actual force generated by these muscles, it can help us to understand the contribution of these 2 muscles during quadriceps contraction.
In this study, we took the radiograph at 45° of knee flexion; the patellar was engaged fully with the trochlear groove in this position (19) . It is useful to determine subluxation, joint space narrowing and patellar deformity. However, the limitation of this technique is that it provides only a static picture of extensor mechanism in a supine patient, but cannot reflect the morphology and relative position of patella and trochlear groove through the total range of motion during dynamic knee flexion. In Farahmand et al's findings (10), the trochlear groove geometry changed very little with progressive knee flexion. besides the relationship between muscle contraction and morphology of the femoral trochlear, tightness of soft tissues such as the lateral retinaculum and iliotibial band may also be factors involved in malalignment and pathology of the PFJ (4). Further research is needed into whether other factors can help us to explore more about patellar kinematics.
In conclusion, a larger sulcus angle of the patellofemoral joint was found in subjects with osteoarthritic knee with patellar malalignment, and this may be an important factor causing imbalance in muscle activities of the VMo and VL during quadriceps contraction.
